A large number of proteins are sufficiently unstable that their full 3D structure cannot be resolved. The origins of this intrinsic disorder are not well understood, but its ubiquitous presence undercuts the principle that a protein's structure determines its function. Here we present a quantitative theory that makes predictions regarding the role of intrinsic disorder in protein structure and function. In particular, we discuss the implications of analytical solutions of a series of fundamental thermodynamic models of protein interactions in which disordered proteins are characterized by positive folding free energies. We validate our predictions by assigning protein function by using the gene ontology classification-in which ''protein binding'', ''catalytic activity'', and ''transcription regulator activity'' are the three largest functional categories-and by performing genome-wide surveys of both the amount of disorder in these functional classes and binding affinities for both prokaryotic and eukaryotic genomes. Specifically, without assuming any a priori structure-function relationship, the theory predicts that both catalytic and low-affinity binding (Kd տ10 ؊7 M) proteins prefer ordered structures, whereas only high-affinity binding proteins (found mostly in eukaryotes) can tolerate disorder. Relevant to both transcription and signal transduction, the theory also explains how increasing disorder can tune the binding affinity to maximize the specificity of promiscuous interactions. Collectively, these studies provide insight into how natural selection acts on folding stability to optimize protein function.
M
ost proteins are not stable enough for current technologies to resolve their full 3D structure (1) . In fact, estimates suggest that anywhere between 25% and 41% of the proteins in eukaryotic genomes contain long-disordered regions (2) . It has been suggested that disorder itself plays a functional role by, e.g., allowing for multiple interaction partners (3) and functional diversity (4) (5) (6) , which are particularly important in cell signaling and cancer (7) . The correlation between intrinsic disorder and protein function, however, is still nebulous and led us to look for more general principles that might relate protein function and disorder. Unlike the aforementioned bioinformatics approaches and other heuristic models (8) , here we examine the linkage between disorder and protein function from a thermodynamic point of view.
Without assuming any structure-function relationship, we look for experimentally derived parameters that might relate protein function and disorder. As described by Dyson and Wright (9) , proteins in the cellular environment may have disorder in long loops, end terminals, hinge regions, domains, and even covering their full sequences. However, in a complex, these motifs acquire well-defined 3D structures. Common descriptors to all these forms of disorder are the folding free energy (⌬G f ) of the motifs participating in the molecular interaction and the dissociation constant (K d ) of the interaction, where a positive folding free energy corresponds to a disordered protein (10) .
We find that binding interactions between proteins become increasingly tolerant of the native disordered state (⌬G f Ͼ 0) as the strength of the physical interaction of the bound state (i.e., the ''complementarity'' of the complex) is increased. Indeed, for M concentrations, only binding affinities stronger than 10 Ϫ7 M can optimally bind disordered proteins. More interestingly, we show that this intrinsic protein disorder can tune the binding free energy of the complex to maximize the specificity of promiscuous interactions. On the other hand, optimal catalytic conversion of substrates to products requires ordered structures with ⌬G f ՇϪ1 kcal/mol. These results demonstrate the possibility that evolution may act on the stability of proteins to optimize basic functions such as binding and catalysis. A comparative genomic analysis of the amount of disorder in proteomes across all kingdoms further supports this conjecture and also reveals intriguing differences on the role of disorder between eukaryotes and prokaryotes for both binding and transcription proteins.
Results
Genome-wide surveys of protein disorder have shown that disorder is more prevalent in some functional categories than others (5, 6) . We revisit this question by analyzing the fraction of amino acid residues in disordered regions of both eukaryotic and prokaryotic genomes for the three largest functional categories in the gene ontology (11) classification (see Materials and Methods): ''protein binding'', ''catalytic activity'', and ''transcription regulator activity''. Fig. 1 shows the distributions of the amount of disorder in human, yeast, and Escherichia coli proteins (also shown are the distributions after removing proteins with more than one function; see also Fig. S1 of the SI Appendix). Contrary to the striking bias of catalytic and transcription human proteins to be significantly more ordered and disordered, respectively, disorder is neither strongly favored nor disfavored in binding proteins. These distinctions are still visible in yeast but are less obvious in bacterial genomes such as E. coli, whose proteins are found to be significantly more ordered than those found in eukaryotes across all functional categories.
Based on a more comprehensive analysis of the preference of disorder among the different functional categories, we classify the genomes into three types (Fig. S2 of (12) . Thus, the ratio of folded to unfolded proteins is given by [F] eq /[U] eq ϭ e Ϫ⌬Gf/RT (''eq'' denotes equilibrium), where ⌬G f is the free energy of folding, R is the ideal gas constant and T is temperature. Molecular interactions are described by a simple binding model that assumes that only folded proteins bind the substrate, i.e., 
We note that in this formulation, K d c characterizes the strength of the binding interaction for the folded protein and is independent of the folding free energy, ⌬G f , allowing for a clear distinction between binding and folding. Aside from the conformational selection (13) , disordered proteins could also function through induced folding (1, 14) or a combination of partial folding/unfolding (15) . However, as demonstrated in the SI Appendix, our conclusions do not lose generality because we only rely on (quasi)equilibrium properties. For each functional category, we relate a measure of optimal performance to ⌬G f over the range of parameters found in nature. With the exception of transcription, where further discussion is needed, we will show that this general model accounts for the observed distributions in Fig. 1 if one assumes that natural selection acts on ⌬G f to optimize protein function. In the following, we discuss the key relations between folding stability and function.
For binding proteins, the equilibrium complex concentration is given by
where (Fig. S3 of the SI Appendix), but this does not affect our main conclusion that highly complementary interactions are more tolerant of disorder, whereas the binding efficiency of low-complementarity interactions is rapidly diminished by disorder.
For catalysis, we further considered the rate of substrate conversion to product via the FS complex, which within the Michaelis-Menten limit leads to the conversion rate where K m c is the Michaelis constant and k cat is the enzyme turnover rate. Fig. 2B shows that for typical K m c values between 10 Ϫ1 M and 10 Ϫ6 M there is a relatively invariant threshold of the folding free energy, ⌬G f ϭ Ϫ1.0 kcal/mol, above which catalysis becomes suboptimal (i.e., V cat /V cat max 90%, where V cat max is reached when ⌬G f Ͻ Ͻ 0). This threshold is maintained even for substrate concentrations as high as 10 Ϫ5 M (Fig. S3 of the SI Appendix). Thus, catalytic function is optimized when thermodynamics strongly favor the ordered state. Interestingly, because to have a fast conversion rate the strength of the enzymesubstrate interaction characterized by the Michaelis constant K m must be much weaker than standard protein-protein K d , enzymes can also be thought of as a special case of extremely weak binding proteins, i.e., ordered.
Specificity of Promiscuous Interactions. Our model also demonstrates that disorder provides a mechanism to distinguish between two substrates that differ in binding affinity by a relatively small amount, say 1.5 kcal/mol (Fig. 3) . . We note that here is that the quantitative theory defines ''specificity'' as simply providing better discrimination among similar physical interactions, a more common usage of the concept (14) that is likely to play a critical role in complex cellular networks.
Discussion
Our survey indicates that the distribution of the amount of disorder depends strongly on protein function, and a firstprinciples thermodynamic analysis explains the nature of this relationship. For proteins whose main function is to bind other proteins, the amount of disorder that can be tolerated without degrading function is quite broad, depending on the complementarity of the interaction. Catalytic proteins have a strong preference for a stable folded state with ⌬G f ՇϪ1 kcal/mol, consistent with the notion that catalysis has strong conformational requirements, as conjectured by Pauling (18) in the prestructure age and more recently discussed by other researchers (see, e.g., ref. 19 ). Note, however, that although protein stability below the aforementioned threshold ( Fig. 2B and Fig.  S3B of the SI Appendix) does not improve catalysis any further (20) , this preorganized state leaves ample room for conformational changes that might be required to bring about efficient catalysis. Finally, we show that disorder can be used to maximize the specificity of promiscuous interactions relevant to transcription and signal transduction.
Instead of rationalizing our findings in terms of adaptability or other processes that are not easily quantifiable, we restrict our discussion to the experimentally derived parameters defined in our models, making our predictions both experimentally and quantitatively more relevant. For instance, Fig. 3 shows that for M concentrations, highly complementary complexes, say, K d c ϳ nM, will yield maximum discrimination if folding instability lowers K d exp to M. This extra discrimination is likely to play a role in the differential regulation of promiscuous binding domains such as SH2/3s, whose typical affinities agree with the predictions of the model (21) . More interestingly, the theory also elucidates the dependence on concentration of the experimental affinity that optimizes specificity (Fig. 3) .
The theory predicts that lower-affinity interactions are expected to involve proteins with less disorder, which may help explain why disorder is less prevalent in prokaryotes (type III) than eukaryotes (types I and II). Indeed, the strikingly similar distributions for E. coli shown in Fig. 1 suggest that disorder does not play a role in function (similar data are observed for other prokaryotes). Without disorder, protein binding efficiency would imply K d exp տ 10 Ϫ7 M. A survey of the protein-ligand interactions in the Protein Data Bank (PDB) PDBbind database (22) (Fig. 4) confirms not only that bacterial proteins may indeed bind small ligand molecules more weakly than humans proteins but also that there is a sharp drop in the number of E. coli ligands (20% compared with 50% for human) with K d exp smaller than the predicted threshold of 10 Ϫ7 M. From the point of view of evolution, the drop of K d exp is also consistent with the intuition that short-lived microorganisms have less need to form longlived complexes.
It is important to stress that protein-functional assignments are still incomplete (11) . Indeed, for the genomes we analyzed, only a subset of all proteins has at least one assigned function, e.g., Ϸ75%, 88% and 32% of human, yeast, and E. coli, respectively. As already mentioned, our analysis encompasses motifs participating in the molecular interactions. Hence, for multisite/ domain proteins a specific function should not necessarily require folding of the entire protein. Fig. 5 further expands on the amount of intrinsic disorder in multifunctional proteins as well as on the correlation of disorder and protein length. For the most part, we find that proteins with both binding and transcription functions have a disorder distribution similar to transcription, For each polar coordinate plot, the radial and angular (counterclockwise) coordinates correspond to protein length in a log-scale and the percentage of residues that are classified as disordered for the protein (as in Fig. 1 ), respectively. For clarity, percent disorder and protein length are labeled only in transcription and catalysis plots, respectively. Indicated outside each circle is the percentage of proteins in each functional category relative to the total number of proteins for which the function has been annotated for each organism (i.e., 15,260, 5,900, and 1,362 for human, yeast and E. coli, respectively). The figure shows that disorder does not correlate with protein length for well-sampled functional categories. The analysis of disorder in multifunctional proteins also reveals interesting patterns. Specifically, binding does not seem to impact the level of disorder of either transcription or catalytic proteins, whereas disorder in proteins with both catalytic and transcription functionalities appear to follow either one of the patterns found for the individual functions.
whereas the distribution for proteins with binding and catalytic functions is more similar to catalytic. For these subsets, we failed to observe significant correlations between disorder and protein length. For E. coli, most proteins are ordered. However, the few highly disordered proteins involved in transcription are all relatively small, resulting in a weak negative correlation. The small sets of proteins with both catalytic and transcription functions as well as all three functions (including binding) show a positive correlation with length while seemingly encompassing a combination of the disorder distributions of each individual functional category. Further analysis of disorder as a local property of the functioning site is likely to reveal insights into how evolution has coupled structure and functions to cope with the increasing complexity of higher organisms.
Ultimately, the theory might provide more subtle quantitative predictions for the interplay between disorder and function for specific proteins. Although current experimental technologies cannot readily analyze weakly stable proteins, let alone positive folding free energies, computational techniques might help to fill this gap. Although there are other aspects not considered here, such as the role of disorder in aggregation and degradation, our findings show how disorder has opened a new dimension in the regulation of molecular interactions for eukaryotes and, most certainly, humans. Collectively, our findings suggest that protein folding should be viewed as a continuum in which folding stability is just one more parameter that evolution uses to optimize function.
Materials and Methods
Gene Ontology and Genome Databases. To assign protein function, we use the gene ontology classification, in which protein binding, catalytic activity, and transcription regulator activity are the three largest functional categories. The gene ontology annotations and protein sequences were from the member databases of the Gene Ontology Consortium. Gene ontology annotation at the European Bioinformatics Institute (23) Disorder Prediction. For each protein, the percentage of disordered amino acids was estimated by using the VSL2B predictor (33) , which was trained with experimental data by using machine learning techniques. The method has been validated in comprehensive blind experiments (33) . The predictor uses the protein sequence as the input and gives the probability that each amino acid is in a disordered region. A probability Ͼ0.5 predicts a residue to be disordered. We also verified the distributions with another two predictors, FoldIndex (34) and DisEMBL (35) (see Fig. S1 of the SI Appendix), and similar results were obtained.
Protein-Ligand Binding Affinity. The PDBbind database provides the experimentally measured binding affinities of protein-ligand complexes. Organism information was obtained from the PDB database (36) by using the PDB codes provided by PDBbind.
